Pores of CLC channels are not formed by a symmetrical assembly of homologous subunits. Hence there is no single stretch that could be termed the pore region 
Istituto di
ing site. Guided by the crystal structure of the CLC From a holding potential of Ϫ40mV, the voltage was stepped to ϩ60mV, followed by voltages between ϩ80mV and Ϫ140mV (in protein, we identified additional residues that are impordecrements of Ϫ20mV), and a constant "tail" pulse of Ϫ100mV. as revealed in the crystal of StClC. Additionally, the current was blocked by more than 90%, ClC-2 ⌬16-61 and ClC-0 were nearly unaffected by this concentration of 9-AC. biophysical analysis of mutants affecting Cl Ϫ -coordinating residues gives new insights into the permeation and gating properties of CLC channels.
We subsequently constructed chimeras between ClC-2 ⌬16-61 and ClC-1 to identify structural determinants of Results 9-AC binding ( Figure 2A ). They yielded large, albeit altered currents upon heterologous expression (data not Narrowing Down an Inhibitor Binding Site shown). Unfortunately, the current block by 9-AC and in a Chimeric Strategy its washout were very slow, with steady-state inhibition We first compared the effect of 9-AC ( Figure 1A ) on for some mutations of ClC-1 not being reached even ClC-0, ClC-1, and ClC-2 ⌬16-61 expressed in Xenopus ooafter 20 min (see Figure 2D ). As we were interested in cytes. For experimental convenience, we used the large differences of 9-AC potency, we therefore deteramino-terminal deletion mutant ClC-2 ⌬16-61 rather than mined apparent K d s semiquantitatively as described in wild-type (WT) ClC-2. In the Xenopus oocyte expression Experimental Procedures. This yielded an apparent K d system, this deletion abolishes the slow, hyperpolarizaof 13 Ϯ 2 M ( Figure 3D decreased about 8-fold from 620 Ϯ 66 M (n ϭ 6) to ments (data not shown). Furthermore, the onset of inhibi-79 Ϯ 8 M (n ϭ 6). As these single amino acid exchanges tion was considerably faster, with a time constant at largely transfer inhibitor sensitivities from ClC-1 to ClC-2 100 M 9-AC of 38.3 Ϯ 3.4 s (n ϭ 3). Taken together, and vice versa, we conclude that this residue is a key these results demonstrate that the 9-AC binding site determinant of 9-AC block. was directly accessible from the inside only.
By contrast, replacing the corresponding threonine by serine in ClC-0 proved insufficient to render it sensi-A Serine between Helix O and P Is Important tive to 9-AC. Both WT ClC-0 and its T471S mutant had for 9-AC Binding an apparent K d for 9-AC that was above 1 mM (data not The chimeric approach suggested that the region beshown). tween helices M and Q might harbor structures imporWe subsequently changed S537 of ClC-1 to several tant for 9-AC binding. In a simple situation, a difference other amino acids ( Figure 5 , in segment labeled "O-P"). of only one or few amino acids might account for the When replaced by phenylalanine (S537F), 9-AC affinity higher 9-AC sensitivity of ClC-1 when compared to (indicated by black bars) was further decreased by an ClC-0 or ClC-2. In such a case, the residue at the critical order of magnitude in comparison to the original S537T position is expected to differ from ClC-1 in both ClC-0 mutant. S537C affected 9-AC block less than S537T, and ClC-2 because both channels are insensitive to whereas S537A even increased 9-AC binding. The effect 9-AC. Only five residues in the region encompassing on 9-AC binding roughly correlated with the volume of helices M through Q fulfill this criterion: ClC-1 residues the introduced side chains (Figure 5, inset) . Also, muta-I472, V473, I479, G483, and S537 ( Figure 3A) . The corretions of the directly adjacent residues V536 and H538, sponding amino acids in ClC-0 and ClC-2 are alanine, both of which are conserved among ClC-0, ClC-1, and leucine, valine, alanine, and threonine, respectively, and ClC-2, affected 9-AC block. Replacing V536 by tryptophane (V536W) drastically reduced inhibition, and the are identical in both channels. H538K mutation significantly reduced 9-AC sensitivity as well ( Figure 5 ).
CPA and 9-AC Binding Are Affected by the Same Serine Residue
We next used inside-out patch clamp experiments to determine whether the S537T mutation in ClC-1 also affects its sensitivity to p-chloro-phenoxy-acetic acid (CPA; Figure 1A ), a derivative of clofibric acid known to inhibit this channel (Pusch et al., 2000) . Both WT and mutant ClC-1 were inhibited in a voltage-dependent manner by CPA (Figures 4A and 4B) . Similar to the sensitivity to 9-AC, the WT channel was Ͼ10-fold more sensitive to CPA than the S537T mutant when measured at Ϫ140mV (Figure 4G) . Thus, the ClC-1 residue serine 537 influences inhibition by both 9-AC and CPA. Importantly, the ClC-2 ⌬16-61,T518S mutant, when compared to ClC-2 ⌬16-61 , was not only more sensitive to 9-AC, but also to CPA (Figures 4E-4G) .
The C212S mutant (Lin et al., 1999) that abolishes slow gating was used in previous studies of ClC-0 inhibition . Therefore, we used this background to study the block of ClC-0 by CPA. Surprisingly, the ClC-0 C212S , T471S mutant displayed a Ͼ10-fold increase of CPA potency (at -140mV) when compared to ClC-0 C212S ( Figures 4C, 4D, and 4G) . Thus, the single serine/threonine exchange almost quantitatively "toggles" the CPA sensitivity between ClC-1 and ClC-0 but does not increase 9-AC affinity of ClC-0. Hence, the structural requirements for binding 9-AC or the chemically unrelated CPA are overlapping but not identical.
Additional Residues Involved in 9-AC Inhibition Identified by Homology to StClC
The amino acid of the S. typhimurium ClC (StClC) protein corresponding to serine 537 of ClC-1 is valine 402. The another mutant with significantly reduced 9-AC affinity, In contrast, the side chains of residues with minor indicated a Ͼ10-fold reduction of single-channel coneffects point away from this pocket or are at a relatively ductance ‫70.0ف(‬ pS). -1 (data not shown) . the cytoplasmic side. Starting from a critical amino acid identified by a chimeric approach, we have used the bacterial structure described E232Q and E232K mutants (Fahlke et al., 1997b), E232C and E232A also retained the WT Cl Ϫ Ͼ to predict further amino acids that might be important for inhibitor binding. The fact that the side chains of Br Ϫ Ͼ I Ϫ selectivity sequence.
in parentheses) S107 (S189), P150 (P234), V152 (V236), L186 (V275), A189 (C278), I201 (I290), E202 (E291), A358 (M485), Y445 (Y578), and T447 (S580). Blue color indicates amino acids with negligible effect (low-impact residues): Q153 (H237), L363 (L490), L384 (I519), L406 (V540), L410 (V544), L444 (L577), R451 (V584), and T452 (K585). (C) Stereo view of the inhibitor binding pocket of ClC-1 as modeled on the basis of the crystal structure of StClC (see Experimental Procedures). Color coding of residues as in (B
StClC amino acids that correspond to ClC-1 residues conspicuously points away from it ( Figure 6C) . Hence, the effects of these mutations may be due to conformathat strongly influence 9-AC block cluster around a rather well defined "pocket," lined by amino acids from tional changes. In particular, mutations in V536 may influence the neighboring high-impact amino acid S537. different helices and loops, demonstrates that structures of CLC proteins are highly conserved.
On the other hand, residues pointing into the pocket (in particular the high-impact ones) are likely to interact more directly with the inhibitor.
9-AC Binds from the Intracellular Side
By contrast, most amino acids that had little effect The crystal structure of the StClC protein (Dutzler et on channel block were at a larger distance from this al., 2002) revealed that valine 402, the bacterial residue pocket or had side chains that pointed away from it (blue corresponding to ClC-1 S537 that was identified in our residues in Figures 6B and 6C ). This strongly argues chimeric approach, is located deep in the channel prothat most of the observed pharmacological effects are tein. It is predicted to be accessible only from the intraspecific and not due to overall conformational recellular side. This agrees with the sidedness of inhibitor arrangements in this highly conserved region. action and its voltage-dependence. Indeed, CPA and
In the binding pocket, the inhibitor may interact with related substances exert a strongly voltage-dependent several aromatic residues, i.e., with F484, and, possibly block that is relieved at inside-positive voltages that to a lesser degree, with F288. The S537T mutation in ClC-1 did not only affect the block by 9-AC but also caused about a 10-fold difference neighbors), and the stretch between helix O and P (V536, S537, and H538). They surround a partially hydrophobic in affinity for CPA, a chemically quite different blocker. It was also possible to transfer CPA sensitivity to ClC-0 pocket that is large enough to accommodate either 9-AC or CPA (R.E. and T.J.J., unpublished data). The mediumand ClC-2 by changing the corresponding threonines to serines. However, while the ClC-2 mutant was also impact amino acids, the mutations of which had moderate effects on channel inhibition, are located in the same sensitive to 9-AC, the ClC-0 mutant was resistant. This clearly shows that the binding sites for these inhibitors region and are often directly adjacent to high-impact residues. The side chains of most high-and mediumare overlapping but not identical. This is also supported by the differential effect of the present ClC-1 mutations impact residues point into the putative binding pocket. However, there are some exceptions. For instance, the on 9-AC and CPA block, respectively ( Figure 5 ). By comparing sequences between ClC-0, -1, and -2 and taking side chains of the high-impact residues V487 and V536 do not point directly into the pocket in the ClC-1 strucinto account the crystal structure, we identified a second residue (M485 in ClC-1) that is important for 9-AC-but tural model (Figure 6B The successful use of the 3D crystating the ClC-0 equivalent of ClC-1 S189 to threonine tal structure of the bacterial StClC protein to predict (S123T) reduced single-channel conductance and modadditional residues involved in inhibitor binding demonerately changed halide selectivity (Ludewig et al., 1996) .
strates that the structures of CLC channels are highly Somewhat surprisingly, no significant changes in singleconserved between bacteria and mammals. Our results channel conductances and halide selectivity sequences suggest that molecular modeling based on the bacterial were observed with mutations in Y578 (Y578W and channel may be useful to develop new drugs targeting Y578A; Figures 8G and 8H) . Interestingly, methionine specific channels of this ion channel class. The crucial 485 of ClC-1 that now turns out to influence 9-AC binding role of CLC channels in cell physiology, as demonstrated and that is a direct neighbor of Cl Ϫ coordinating F484, by their mutational inactivation in several human disis mutated to valine in a patient with recessive myotonia eases, makes them prime targets for synthetic drugs of (Meyer-Kleine et al., 1995). The M485V mutation reduced medical importance. single-channel conductance to ‫3.0ف‬ pS (Wollnik et al., 1997).
Experimental Procedures
Hence, mutating amino acids corresponding to Cl Capped cRNA was transcribed in vitro from constructs that were linearized with MluI using SP6 RNA polymerase in the mMessage
